Abstract-This work aims at considering different unbundling options for the Local Loop Unbundling (LLU) in order to provide multi-operator access and consider the economical impact for the FTTH NGA entrants to deploy such alternatives. We show that deploying WDM networks is an efficient strategy to perform LLU while upgrading the GPON network for the new era where high bandwidths are necessary for satisfying customers' demand. In areas with high population density, WDM techniques are the most suitable for entrant operators to access the incumbent's network and provide service.
INTRODUCTION
Nowadays, incumbent operators are deploying GPON FTTH access network over substantial part of the countries in Europe, in a Point-to-Multipoint architecture (P2MP). This architecture is characterized by a shared fiber from the Central Office (C.O.) to a certain location where, by means of splitters, individual fibers carry the signal to/from every user. It is preferable for an open market situation, where the competition in prices and services is desirable and also enforced by local governments and administrations, to have different entry options to the market for the many alternative operators (entrants) which may come up and compete with the incumbent. For that reason, this study aims at considering different unbundling options for the Local Loop Unbundling (LLU) in order to provide multi-operator access and consider the economical impact for the entrants to deploy such alternatives.
The scope of this study primarily covers remedies to be imposed upon operators designated with Significant Market Power (SMP) on the basis of a market analysis procedure carried out under Article 16 of Directive 2002/21/EC [EUC02a] . However, where it is justified on the grounds that duplication of infrastructure is economically inefficient or physically impracticable, the regulator may also impose obligations of reciprocal sharing of facilities on undertakings operating an electronic communications network in accordance with Article 12 of that Directive which would be appropriate to overcome bottlenecks in the civil engineering infrastructure and terminating segments.
This work deals with the following issues:
• Alternatives for LLU: although there are several methods, the next three have been considered as they are the most feasible in terms of cost, scalability and upgradeability, in the number of clients and operators.
-Move the Splitters Back.
-Replicate the Access Network.
-Upgrading to WDM technologies.
• Results / Comparison: both absolute and incremental costs, starting from a P2MP deployment for the different unbundling strategies.
Alternative operators, some of whom have already deployed their own networks to connect to the unbundled copper loop of the SMP operator, need to be provided with appropriate access products in order to continue to compete in an NGA context. For FTTH these may consist of access to civil engineering infrastructure, to the terminating segment, to the unbundled fiber loop (including dark fiber) or of wholesale broadband access, as the case may be. The data required for this work is extrapolated from different sources.
Where remedies imposed on Market 4 lead to effective competition in the corresponding downstream market, in the whole market or in certain geographic areas, other remedies could be withdrawn in the market or areas concerned. Such withdrawal would be indicated, for instance, if the successful imposition of physical access remedies were to render additional bit-stream remedies redundant. Moreover, in exceptional circumstances, the regulator could refrain from imposing unbundled access to the fiber loop in geographic areas where the presence of several alternative infrastructures, such as FTTH networks, in combination with competitive access offers on the basis of unbundling, is likely to result in effective competition on the downstream level [EUC10c] .
II. ALTERNATIVES FOR LOCAL LOOP UNBUNDLING
In a Fiber to the Home context, duplication of the terminating segment of the fiber loop will normally be costly and inefficient. To allow for sustainable infrastructure competition, it is therefore necessary that access be provided to the terminating segment of the fiber infrastructure deployed by the SMP operator. To ensure efficient entry, it is important that access is granted at a level in the network of the SMP operator which enables entrants to achieve minimum efficient scale to support effective and sustainable competition. [EUC10c] Three methods have been analyzed as they are considered the most feasible. The departure point is the P2MP network already deployed by the incumbent (Fig. 1) , where in addition to the single fiber from the C.O. to the splitter premises the operator has deployed some spare fibers to use in later network upgrades. These fibers remain unconnected and can be used to reduce costs significantly. 
A. Move Splitters Back
The goal of this approach is to modify the architecture of the current deployment to get a P2P-like architecture, where each customer has a single dedicated fiber.
1. The first step is to remove the splitters and put them back as close to the C.O. as possible: 2. Then, some extra fibers have to be deployed for the feeder segment, to connect the splitters to the users' fibers and perform some fiber splicing. 3. Finally, the unbundling can take place at the C.O. where an entrant operator has to deploy its own infrastructure to get there. The total costs of this upgrade are the related to:
• extra fiber deployment, which is calculated as the 70% of a normal fiber deployment due to the spare fibers. This % may vary in a great range, from 10% to 120%, according to the city structure. 70% has been considered the usual value for the models described in this study [FCE11c] 
• trenching for the feeder segment, where necessary.
• fiber splicing.
• some extra space in the C.O. may have to be considered to place the splitters.
B. Replicate Access Network
A different approach aims at deploying a second access network, particularly the drop segment, to use by the entrant operator. The entrant arrives to the splitters location with its own infrastructure. In this configuration, either at least a couple of fibers connect every user with the splitter premises or the entrant operator changes the user's connections to its own splitters.
1. The entrant operator arrives to the incumbent's splitters location with its own infrastructure (feeder segment). Some extra splitters have to be deployed in order to connect the drop segment fibers with the customers. There's the issue when there's not enough space for such splitters so additional digging has to be done to house this equipment. 2. In some cases, extra fiber needs to be deployed between the splitters and the customer premises. 3. The unbundling can be done then at the splitters location. The total costs of this upgrade are the related to:
• extra fiber deployment, which is calculated as the 70% of a normal fiber deployment due to the spare fibers and changing of connections.
• trenching for the feeder segment.
• extra splitters.
• some extra space in the splitters location may have to be considered to place the splitters.
C. WDM PON
The last alternative considered is an upgrade to WDM PON architecture. In this network, every user has a wavelength assigned. The changes needed occur in the C.O. where the current OLTs have to be changed for ones that support WDM technologies, and in the splitters location, where all the splitters have to be substituted by WDM filters, one for each user. Also, at the C.P.E., different options are available (light sources at ONU).
1. Old GPON equipment has to be substituted by WDM PON equipment: WDM OLT in the Central Office, replace splitters with WDM multiplexers (AWG) 1:32 and install filters and new light source at the C.P.E. 2. The entrant operator has to install its own infrastructure in the Central Office. 3. Finally, with both the incumbent and the entrant operating different wavelengths, the unbundling takes place at the C.O. The total costs of this upgrade are the related to:
• C.O. changing the OLT equipment to support WDM technologies.
• Substituting the splitters by WDM filters.
• Light sources at ONU o Laser at λi (a different lambda for each user) o Tunable laser o Reflective SOA / EAM / ILFP Fig. 13 shows the departure point for this study, where two architectures, P2MP and P2P are compared in terms of deployment cost per household in different household density areas. P2P deployments have larger costs mainly due to the amount of fiber needed, as every customer has its own fiber from the C.O. to the CPE. As expected, for lower density areas the cost increase and also the difference in cost between both architectures is greater. The trend is to converge to a stable and low cost for both architectures as the density increases. As this is the start point, it is expected for all the alternatives considered to fall in between these cost curves, so it is easy to compare which of the alternatives is more costeffective.
III. COST CALCULATION
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A. Unbundling by Moving Splitters Back
When moving the splitters back, the costs obtained are very high, almost reaching the P2P curve. The more spare fibers used, the low the cost curve becomes, so the costs for the alternative decrease, as shown in Fig. 14 . The costs reflected in the previous graphs are related to not using any spare fiber. Again the trend is to reach some equilibrium point for higher household density areas. 
B. Unbundling by Replicating the Access Network
The second alternative turns to be less costly than the first and falls more or less in the middle of the base deployments considered (P2P and P2MP). Fig. 15 shows the case for a single entrant deploying its own network. For many entrants, as shown in Fig. 16 , the related costs increase, taking into account that the trenching costs are shared and every operator assumes the fiber deployment costs. For one and two extra operators (entrants) the costs are reasonable and lower than the P2P case. When a third operator deploys its network the costs reach the P2P case and go over it for a certain household density. The fourth operator is unviable, as its costs overcome the P2P case. Normally there are not more than two entrants willing to deploy their network in a city, so this strategy is fully acceptable.
These costs have been calculated for individual entrants. When two or more operators deploy their infrastructure simultaneously, sharing expenses leads to a decrease in final cost per operator.
C. Unbudling with WDM PON
As the main costs for WDM upgrade are the related to the OLT equipment and filters for the users, this strategy has the lower costs, compared to the previous ones (Fig. 17) . Fig . 18 shows the incremental cost for each alternative, not taking into account the previous network deployment. As we have seen so far, the first alternative, taking the splitters back, is the costly one, with costs decreasing as the household density increases. The second one, replicating the access network (shown here for one extra operator) is the intermediate one in terms of cost, also decreasing with the household density. And the WDM upgrade is the least costly of the three.
As expected, all three tend to an equilibrium point as the household density increase. 
IV. CONCLUSIONS
Despite WDM equipment is the most expensive, deploying WDM networks is a low-cost strategy to perform local loop unbundling while upgrading the network for the new era where high bandwidths are necessary for satisfying customers' demand. In areas with high population density WDM techniques are the most suitable for entrant operators to access the incumbent's network and provide service.
